Introduction
============

The immunostimulatory effects of herbal medicines, such as Kampo in Japan and Chinese herbal medicines, have been extensively reported. Herbal medicines are prescribed for infection and tumor, and one of their properties is strong immunostimulatory effects, including increased phagocytosis and antibody production ([@b1-br-0-0-1294],[@b2-br-0-0-1294]). However, limited information is currently available regarding the immunostimulant components of these herbal medicines. In our previous, it was demonstrated using electron microscopy that cell wall-based nanoparticles were universally present in boiled water herbal extracts and these nanoparticles were isolated using ultracentrifugation ([@b3-br-0-0-1294]). In the present study, the immune effects of cell wall-based nanoparticles isolated from boiled *Glycyrrhizae* radix, the root and stolon of *Glycyrrhiza uralensis* Fischer ([@b4-br-0-0-1294]) water extracts were primarily investigated, as this is a commonly used herb in traditional herbal medicines ([@b5-br-0-0-1294]). The isolated nanoparticles are taken up by mouse macrophages (RAW-blue cells) via phagocytosis, triggering immunostimulatory effects and inducing the expression of the inflammatory cytokines, interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) in RAW-blue cells ([@b3-br-0-0-1294]). However, the molecular mechanisms underlying these immunostimulatory effects have not yet been elucidated as these nanoparticles have only recently been discovered. Macrophages are a type of phagocytotic immune cell which primarily exert immunostimulatory effects, such as inflammatory responses ([@b6-br-0-0-1294]). The inflammatory response mediated by macrophages are induced by pattern recognition receptors, such as Toll-like receptors (TLRs) ([@b7-br-0-0-1294],[@b8-br-0-0-1294]) and Dectin-1 ([@b9-br-0-0-1294],[@b10-br-0-0-1294]). RAW-blue cells are a macrophage cell line stably transfected with secreted embryonic alkaline phosphatase (SEAP) reporter gene construct which is inducible by NF-κB ([@b11-br-0-0-1294]). Therefore, RAW-blue cells were used for monitoring the activation of NF-κB, which is part of the downstream signaling pathway of TLRs and Dectin-1 ([@b7-br-0-0-1294],[@b8-br-0-0-1294]). The aim of the present study was to determine the signaling pathway underlying the immunostimulatory effects of nanoparticles from boiled herbal water extracts of *Glycyrrhizae* radix and to identify the receptors involved.

Materials and methods
=====================

### Antibodies and reagents

A phospho-specific antibody against NF-κB p65 (Ser-536; cat. no. 93H1) was purchased from Cell Signaling Technology, Inc. Antibodies against β-actin (C-11; cat. no. sc-1615) and NF-κB p65 (C-20; cat. no. sc-372) were obtained from Santa Cruz Biotechnology, Inc. Secondary antibodies used were horseradish peroxidase-conjugated anti-rabbit (cat. no. P0448) or anti-mouse (cat. no. P0260) immunoglobulin G (Dako; Agilent Technologies, Inc.). Negative control small interfering (si)RNA and TLR4-siRNA were purchased from Santa Cruz Biotechnology. Inc. Dectin-1 siRNA was purchased from Thermo Fisher Scientific, Inc. Lipofectamine^®^ RNAiMAX transfection reagent was obtained from Thermo Fisher Scientific, Inc. Normocin, Zeocin and Quanti-Blue were purchased from InvivoGen. Dexamethasone (Dex), an NF-κB inhibitor, was purchased from Wako Pure Chemical Industries, Ltd. Block Ace for western blotting was obtained from DS Pharma Medical *Glycyrrhizae* radix was obtained from Tochimoto Tenkaido, Co., Ltd.

### Cell line and culture

RAW-blue cells were cultured in DMEM, High Glucose with L-glutamine, phenol red and sodium pyruvate (Wako Pure Chemical Industries, Ltd.) supplemented with 10% heat-inactivated FBS, 50 U/ml penicillin, 50 µg/ml streptomycin and 100 µg/ml normocin at 37˚C in a humidified incubator with 5% CO~2~.

### Isolation of nanoparticles from boiled Glycyrrhizae radix water extracts

Boiled herbal water extracts were prepared by gently boiling 100 g *Glycyrrhizae* radix in 500 ml water for 50 min at 95˚C and then filtering the decoction. The decoction was centrifuged at 3,000 x g for 5 min at 4˚C (Kubota 6800; Kubota Corporation) and the supernatant was collected and then centrifuged at 20,000 x g for 20 min at 4˚C. The supernatant (60 ml) was collected again and ultra-centrifuged at 140,000 x g for 50 min twice at 4˚C, according to a previously described method for preparation of exosomes ([@b8-br-0-0-1294]). After removal of the supernatant, the transparent pellet was dispersed in distilled water (40 ml) and freeze-dried.

### Scanning electron microscopy (SEM)

Negative staining was performed as follows: Collodion mesh (Nisshin EM Co., Ltd.) was placed on a 20 µl droplet of nanoparticle solution (100 µg/ml) for 30 sec and the solution was absorbed with filter paper. Subsequently, the mesh was placed on a droplet of 2% uranyl acetate for 5 sec, which was absorbed with filter paper, and dried. Nanoparticles which were negatively stained were observed using a JSM-6700F SEM (JEOL, Ltd.) operated using PCSEM software version 1 (JEOL, Ltd.) at a calibrated magnification of x50,000.

### NF-kB-SEAP reporter assay

A total of 0, 1, 1.5, 5 and 10 µg/ml nanoparticles were added to the cell culture medium of RAW-blue cells and incubated for 20 h, where 0 mg/ml was used as the control. The cell culture supernatant was collected and transferred to QUANTI-Blue medium (InvivoGen) and SEAP expression was then measured after 1 h or 90 min at 620 nm using a spectrophotometer.

### Western blotting

Whole cell lysates were extracted using lysis buffer (20 mM HEPES-NaOH, 0.3 M NaCl, 1.5 mM MgCl~2~, 0.2 mM EDTA, 0.001% Triton X-100, 1 mM DTT, 1 mM sodium orthovanadate, 20 mM β-glycerophosphate disodium salt hydrate, 10 µg/ml aprotinin, 10 µg/ml leupeptin and 1 mM PMSF). Protein concentrations in lysates were quantified using a Bradford assay, (Bio-Rad Laboratories, Inc.). The lysates were mixed with an equivalent volume of SDS sample buffer (100 mM Tris-HCl, pH 6.8; 2.0% SDS; 70 mM DTT; 10% glycerol; and 0.10% bromophenol blue) and heated at 95˚C for 5 min. Samples were loaded onto a 9% gel, resolved using SDS-PAGE and subsequently transferred onto an Immobilon-P nylon membrane (EMD Millipore). The membrane was blocked using 4% Block Ace overnight at 4˚C, and probed with primary antibodies (NF-κB p65, rabbit anti-phospho NF-κB p65 and β-actin; all at 1:1,000), for 90 min at room temperature. Primary antibodies were detected using the horseradish peroxidase-conjugated anti-rabbit antibody (1:2,000) and visualized using an ECL system (GE Healthcare). The density of the blots was quantified using ImageJ version 1.8.0_172 (National Institutes of Health). Experiments were repeated at least three times and representative results are shown.

### RNA interference

Mouse TLR4-siRNA (cat. no. sc-40261), mouse Dectin-1-siRNA (cat. no. sc-63277) and negative control (cat. no. sc-37007) were purchased from Santa Cruz Biotechnology, Inc. RAW-blue cells were transfected with siRNAs at a final concentration of 100 nM using Lipofectamine^®^ RNAiMAX transfection reagent (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. After 12 h, the medium was replaced with fresh medium and the cells were cultured in the presence of nanoparticles for a further 24 h. TLR4 siRNA (cat. no. sc-40261) is a pool of 3 different siRNA duplexes. sc-40261A sense, CUAGCCUUCUUCAAUCUUAtt and antisense, UAAGAUUGAAGAAGGCUAGtt; sc-40261B sense, CCGUUGGUGUAUCUUUGAAtt and antisense, UUCAAAGAUACACCAACGGtt; and sc-40261C sense, GAAGGCCCAUAUUUGACUAtt and antisense, UAGUCAAAUAUGGGCCUUCtt. Dectin-1 siRNA sequences were as follows: Dectin-1 sense, GACAACUUCCUAUCAAGAAtt and antisense, UUCUUGAUAGGAAGUUGUCtt. The sequences of the negative control siRNAs used were not disclosed by the manufacturer.

### Reverse transcription-quantitative (RT-q)PCR

Total RNA from the RAW 264.7 cells was extracted using RNeasy Mini kit (Qiagen, Inc.) according to the manufacturer\'s protocol. First-strand cDNA synthesis was performed using the RNA as the template (2 µg) using oligo(dT)18 primer and SuperScript III reverse transcriptase (Invitrogen; Thermo Fisher Scientific Inc.). Reverse transcription was performed at 42˚C for 50 min and then at 70˚C for 15 min. qPCR amplification was performed using a FastStart Essential DNA Green Master mix (Roche Diagnostics). The thermocycling conditions were: Denaturation at 94˚C for 5 sec, annealing at 60˚C for 5 sec and extension at 72˚C for 10 sec for 28 cycles qPCR was performed using a Lightcycler nano system (Roche Diagnostics) according to the manufacturer\'s protocol. β-actin was used as the internal control. The relative quantification of mRNA expression was calculated as a ratio of the target gene to β-actin ([@b12-br-0-0-1294]). Primer sequences were as follows: TLR4 forward, 5\'-GGACTCTGATCATGGCACTG-3\' and reverse, 5\'-CTGATCCATGCATTGGTAGGT-3\'; Dectin-1 forward, 5\'-TTGTGTCGCCAAAATGCTAGG-3\' and reverse, 5\'-CTGATCCATGCATTGGTAGGT-3\'; IL-6 forward, 5\'-GCTACCAAACTGGATATATAATCAGGA-3\' and reverse 5\'-GGTCTGGGCCATAGAACTGA-3\'; TNF-α forward 5\'-TCTTCTCATTCCTGCTTGTTG-3\' and reverse, 5\'-GGTCTGGGCCATAGAACTGA-3\'; and β-actin forward, 5\'-CTAAGGCCAACCGTGAAAAG-3\' and reverse, 5\'-ACCAGAGGCATACAGGGACA-3\'.

### Statistical analysis

Data are presented as the mean ± standard deviation of at least 3 independent experiments. Differences between groups were compared using an ANOVA with a post-hoc Tukey-Kramer test. Statistical analyses were performed using JMP Pro software version 13 (SAS Institute). P\<0.05 was considered to indicate a statistically significance difference.

Results
=======

### SEM of nanoparticles

Freeze-dried nanoparticles from boiled *Glycyrrhizae* radix water extracts were visualized using SEM. The diameter of the nanoparticles were 80-100 nm ([Fig. 1](#f1-br-0-0-1294){ref-type="fig"}).

### NF-κB activation by nanoparticles

The effects of the nanoparticles on RAW-blue cells were investigated using a reporter gene assay with NF-κB. NF-κB activation in RAW-blue cells was significantly higher when treated with nanoparticles compared with the control, and NF-κB activation was increased in a dose-dependent manner ([Fig. 2A](#f2-br-0-0-1294){ref-type="fig"}). This activation was suppressed by the NF-κB inhibitor Dex ([Fig. 2B](#f2-br-0-0-1294){ref-type="fig"}). Furthermore, nanoparticles induced the phosphorylation of the NF-κB subunit p65 ([Fig. 3A](#f3-br-0-0-1294){ref-type="fig"} and [B](#f3-br-0-0-1294){ref-type="fig"}) and this phosphorylation was suppressed by Dex in the western blotting analysis ([Fig. 3C](#f3-br-0-0-1294){ref-type="fig"} and [D](#f3-br-0-0-1294){ref-type="fig"}).

### Expression levels of inflammatory cytokines are increased by nanoparticles

Based on the activation of NF-κB, cytokine production induced by nanoparticles in RAW-blue cells was examined. The mRNA expression levels of the inflammatory cytokines IL-6 and TNF-α, which are regulated by NF-κB, were increased in RAW-blue cells exposed to nanoparticles compared with the control cells ([Fig. 4](#f4-br-0-0-1294){ref-type="fig"}).

### Identification of receptors of nanoparticles

Based on the activation of NF-κB by nanoparticles, the receptors the nanoparticles bound to, to exert their effect in RAW-blue cells, were determined ([Fig. 5A](#f5-br-0-0-1294){ref-type="fig"}). Activation of NF-κB by nanoparticles was significantly suppressed when cells were transfected with TLR4 siRNA, but not by Dectin-1 siRNA. The reduction in SEAP activity incells transfected with si-TLR4 was \~50% ([Fig. 5B](#f5-br-0-0-1294){ref-type="fig"}).

Together, these results suggest that the signaling pathway by which nanoparticles obtained from boiled *Glycyrrhizae* radix water extracts at least partially involved TLR4, and signal transmission induced the expression of the inflammatory cytokines IL-6 and TNF-α in RAW-blue cells.

Discussion
==========

The immunostimulatory effects of herbal medicines are widely known ([@b1-br-0-0-1294],[@b2-br-0-0-1294]). In our previous study, it was demonstrated that juzentaihoto, a Japanese herbal medicine, increased and prolonged antibody production following an influenza vaccination in a human clinical experiment ([@b13-br-0-0-1294]). However, the immunostimulatory components of herbal medicines and the underlying molecular mechanisms remain unclear. On the other hand, studies investigating the sugar chains in herbal medicines have previously been performed ([@b14-br-0-0-1294],[@b15-br-0-0-1294]). In future studies, similarities between these reported sugar chains and these nanoparticles should be examined.

TLRs and dectin-1 are pattern-recognition receptors, which exogenous ligands \[pathogen-associated molecular patterns (PAMPs)\] and endogenous ligands (damage-associated molecular patterns) and subsequently induce an immune response ([@b16-br-0-0-1294]).

Dectin-1 is a β-glucan receptor and β-glucans are polysaccharide triplet chains composed of D-glucose units via β-1,3 glycosidic bonds ([@b17-br-0-0-1294]). In the present study, the nanoparticles were not recognized by Dectin-1, even though the primary constituent of these nanoparticles is glucose ([@b3-br-0-0-1294]). A possible explanation for this may be that the polymerized glucose constituents of the nanoparticles may not be recognized as a polysaccharide triplet chain equipped with β-1,3 glycosidic bonds by Dectin-1.

Nanoparticles obtained from boiled *Glycyrrhizae* radix water extracts induced NF-κB activation via the TLR4 signaling pathway. These results suggest that the activation of NF-κB in RAW-blue cells by nanoparticles is partially mediated by TLR4. TLR4, a TLR, and its ligand axis has been reported to activate several transcription factors, such as NF-κB, in order to induce immune responses ([@b18-br-0-0-1294]).

In our previous study, it was demonstrated that nanoparticles obtained from boiled *Glycyrrhizae* radix water extracts where composed of the cell wall components arabinogalactan and cellulose, suggesting that they are a semi-artificial assembled form of plant cell wall degradants ([@b3-br-0-0-1294]). The typical TLR4 ligands of PAMPs are cell wall components of bacteria (lipopolysaccharide) and fungi (mannan), which may provide insight into the immunological function of nanoparticles as TLR4 ligands ([@b18-br-0-0-1294],[@b19-br-0-0-1294]). In the present study, nanoparticles from boiled *Glycyrrhizae* radix water extracts induced the phosphorylation of the NF-κB subunit p65. It is hypothesized that the nanoparticles function as TLR4 ligands, initiating signal transduction and increasing the expression of the inflammatory cytokines TNF-α and IL-6 via NF-κB.

TNF-α is an immunostimulatory cytokine that prevents infection by bacteria and viruses and eliminates tumor cells ([@b20-br-0-0-1294]). IL-6 is an immunostimulatory cytokine that serves an essential role in acquired immunity through its regulation of antibody production ([@b21-br-0-0-1294],[@b22-br-0-0-1294]). As previously discussed, limited information is currently available concerning the immunostimulant components of herbal medicines. The present study suggests that nanoparticles from boiled *Glycyrrhizae* radix water extracts are novel immunostimulant components via TLR4.

The TLR4-mediated signaling pathway is regarded as an attractive pharmaceutical target, particularly for cancer therapy ([@b23-br-0-0-1294]). TLR4 ligands have advanced through pre-clinical and clinical stages and two agents, Bacillus Calmette-Guérin (BCG) and monophosphoryl lipid A, have been approved for immunotherapy of *in situ* bladder carcinoma by the Food and Drug Administration ([@b24-br-0-0-1294]).

In the present study, *in vivo* experiments were not performed. Therefore, in future studies, the anti-cancer effects of nanoparticles from boiled *Glycyrrhizae* radix water extracts will need to be investigated using animal models to confirm their efficacy.

In conclusion, nanoparticles obtained from boiled *Glycyrrhizae* radix water extracts were demonstrated to activate the NF-κB signaling pathway and increase the expression of inflammatory cytokines via TLR4.

BCG, which is a TLR4 agonist and a classical immunostimulants prepared from Mycobacterium tuberculosis, is an efficient type of immunotherapy used to treat patients with bladder carcinoma for \>40 years ([@b25-br-0-0-1294]). Given that nanoparticles obtained from boiled *Glycyrrhizae* radix water extracts are a TLR4 agonist prepared from a plant, the results of the present study may aid in the development of novel anti-cancer drugs such as BCG.
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![Scanning electron microscopy of the freeze-dried nanoparticles. Aggregates of nanoparticles from boiled *Glycyrrhizae* radix water extracts were observed and imaged.](br-12-06-0303-g00){#f1-br-0-0-1294}

![Nanoparticles from boiled *Glycyrrhizae* radix water extracts activate NF-κB. (A) RAW-blue cells were incubated with varying concentrations of nanoparticles. NF-κB activation was measured by quantifying SEAP activity in the collected supernatants after incubation with Quanti-Blue reagent. ^\*^P\<0.01 vs. control. (B) Activation of the NF-κB by 10 µg/ml NP was inhibited by 1 µM Dex for 1 h. ^\*^P\<0.01 vs. control. NF-κB, nuclear factor-κB; SEAP, secreted embryonic alkaline phosphatase; Dex, dexamethasone.](br-12-06-0303-g01){#f2-br-0-0-1294}

![Nanoparticles from boiled *Glycyrrhizae* radix water extracts increase phosphorylation of the nuclear factor-κB subunit p65. β-actin was used as a loading control. (A) RAW-blue cells were treated with 10 µg/ml NP for 0-30 min. (B) Ratio of p-p65/p65 protein levels were estimated by densitometry analysis. (C) Following pretreatment with 1 µM Dex for 1 h, RAW-blue cells were treated with 10 µg/ml NP for 10 min. (D) Ratio of p-p65/p65 protein levels were estimated using densitometry analysis. NP, nanoparticle; p-, phospho; Dex, dexamethasone.](br-12-06-0303-g02){#f3-br-0-0-1294}

![Nanoparticles from boiled *Glycyrrhizae* radix water extracts increase the expression of IL-6 and TNF-α inflammatory cytokine genes. RAW-blue cells were treated with 10 µg/ml of NP for 9 h. mRNA expression levels of (A) IL-6 and (B) TNF-α were assessed using reverse transcription quantitative-PCR. ^\*^P\<0.01 vs. control. IL-6, interleukin-6; TNF-α, tumor necrosis factor-α.](br-12-06-0303-g03){#f4-br-0-0-1294}

![Silencing, TLR4 but not Dectin-1, affects NF-κB activation mediated by nanoparticles from boiled *Glycyrrhizae* radix water extracts. (A) TLR4 and (B) Dectin-1 mRNA expression in RAW-blue cells measured using reverse transcription quantitative-PCR. (C) Following transfection pf si-TLR4 or si-Dectin-1 into RAW-blue cells, (C) NF-κB activation was examined by quantifying SEAP activity. ^\*^P\<0.01 vs. respective control siRNA. TLR4, Toll-like receptor 4; NF-κB, nuclear factor-κB; SEAP, secreted embryonic alkaline phosphatase; si, small interfering.](br-12-06-0303-g04){#f5-br-0-0-1294}
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